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ABSTRACT
COMPUTATIONAL ANALYSIS OF SOLAR POND FOR ENERGY STORAGE AND
DESALINATION
Vyas Raghavan, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2016
Dr. Pradip Majumdar, Director
Desalination of sea water with a help of solar pond is one of the most promising and
developing technology. Salinity gradient solar ponds are essentially low cost solar energy
collectors with integrated energy storage system, and hence are potential, cheaper alternatives to
flat plate collectors system in certain locations. Solar ponds combine solar energy collection with
long-term storage and can provide reliable thermal energy. The salt water has natural tendency to
form a salt gradient in a water body with higher density salt water at the bottom and low density
water at the top. In a solar pond the solar energy is transmits through the water and create heated
water region at the bottom and tend to create a natural convection due to negative temperature
gradient in opposition to positive salt gradient. In a solar pond this double-diffusive transport
system controls the formation of three layer water body: Upper Convective Zone (UCZ), Middle
non-convective zone, and Lower Convective Zone (LCZ). A stronger negative temperature
gradient in opposition to the favorable positive salt gradient is detrimental to the stable run and
collection of energy at the bottom. The objective of this study is to analyze the double-diffusive
transport phenomena in a solar pond, the formation of the stable tri-layer and energy storage
using a multi-physics computation fluid dynamics model. Sensitivity analysis will be performed
to determine the stable conditions for the system to operate and ensure solar energy storage.
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CHAPTER-1
INTRODUCTION

1.1 Introduction
Of the world’s water, 97.5 percent is salt water from its oceans. Only 2.5 percent is fresh
water. Of that 2.5 percent, approximately 69 percent is frozen in glaciers and ice caps, leaving
less than 30 percent in fresh ground water[1]. Thus fresh water for drinking is very less, so needs
to be acquired from different sources. One of the major sources that water for drinking can be
obtained is sea water, but since the sea water is highly saline the salt content needs to be
removed we desalinate the sea water.
Desalination is the process of removing the salt contents or the mineral contents present
in the brine and producing fresh water with lesser amount of particles per million. Through the
time numerous processes such as reverse osmosis, membrane filtration, electro-dialysis,
evaporation and condensation, etc. were followed for distilling the saline water.
Evaporation condensation process for converting saline water to fresh water is the
widespread and the oldest technology used for desalination. In this process, the saline water is
heated using a heat source to the evaporating point (here the solar pond) and thus this steam that
is evaporated leaves behind the salt content present in the saline water. The evaporated fresh
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steam is then collected and then condensed to give us the fresh water. This fresh water is
then again distilled to lose the remaining ppm thus making it drinkable. This technology is
cheaper than the others since it doesn’t have any other energy costing elements other than the
heat source and condenser. Thus, by using a solar pond as the heat source we are reducing the
cost of the desalination process.

Solar pond is a pool of salt water stratified into 3 different layers, when the heat of the
solar radiation heats up the pond the heat energy is stored in the lower most layer, thus making it
as a heat source. These layers are differentiated by the amount of salt content present in each
layer. Since the salt concentration present in each layer varies the density of the layers also
varies with it. The lower most layer (having the same salt concentration throughout) having the
highest salt concentration and the highest density among the other three layers stays at the
bottom because of the higher density and cannot come up even when the solar radiation is
heating it up and setting up a convection system flow. Thus the lower region heats up and acts as
the heat source. This heat energy can be used for desalination of the brine water. [1]

1.2 Literature Review

M. Ouni et al [7] describes the transient behavior of the solar ponds with complete salt
systems using natural evaporation of brine in an evaporation pond. Also it investigates about the
dynamic process which involves internal gradient, boundary behavior between gradient zones
and convective zone. They have used the double diffusive process and one dimensional stability
criterion produced by linear theory. The paper talks about the basic working principle of the solar
pond, the solar pond in general consists of three layers the upper convective layer (UCZ), the
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non- convective zone and the lower convective zone. In these three layers the salt content
increases with depth, thus the top layer has the least salt content thus stays on top because of the
density the NCZ which is separating the UCZ and LCZ has lesser salt content thus acting like the
temperature insulating layer and the LCZ is saturated salt water, the heat of the sun reaches the
LCZ first and heats them up but the LCZ cannot reach the top because of the NCZ thus stays at
the bottom and will start storing the heat.
Then the paper also talks about the stability of the gradient zone. The gradient zone or the NCZ
is a double diffusive of salt and temperature. If the zone is not maintained within the designed
thickness the thermal performance can drop significantly. According to Veronis the NCZ can be
maintained stable if:

(

=

)>

+
+�

Where � the ratio of diffusivity, Ra is is the thermal Rayleigh number, Rs is the salinity Rayleigh

number and the ratio is the stability number. Geistas et al analyzed the stability of the gradient
zone of the solar pond taking into account solar radiation absorption in the gradient layer:

=(

) = �−

For sodium chloride and solar pond conditions the equilibrium occurs when the above equation
is satisfied.
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The paper then discusses about the transient behavior of the solar pond that the properties of the
solar pond brine are to vary only along the vertical direction of the pond. Then the paper deals
with the simulation of the performance of the solar pond. The metrological properties that affect
the solar pond performance are solar radiation, wind velocity, ambient temperature and rainfall.
The data of a particular place for all the above parameters for a period of time are entered into
the simulation software and the performance was calculated.
Maozhao et al [17] discusses the gradient distribution of salt concentration which is

beneficial to the stability of the solar pond. On the contrary, the gradient distribution of
temperature will destroy the stable run of the solar pond. This paper deals with the effects of
turbidity and external wind on the thermal performance of the solar pond with a double-diffusive
model.
Using some of the experimental data into account an empirical formula was formulated:

ℎ �,

=ℎ . ,

�,

Where � is the pond water turbidity and h(0.3,x) is the reference value of the radiation flux at

turbidity 0.3. This formula is used to estimate the radiation transmission function at the depth in
turbid water.
Then the heat loss for the solar pond qS is calculated:
Qs = qs,r + qs,e + qs, c

The general expression for the interface moving velocity by the wind-driven turbulent
entrainment law is given as:
,

= .

�−
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Where Vu,e is the entrainment velocity of UCZ, Uu is the characteristic velocity corresponding to
the entrainment mechanism of the UCZ .
Then the paper discusses about the thermal stability of the pond with a few equations. Then these
equations are loaded into a simulation software and numerical simulation and analysis are done
based on the data collected. These simulation data are then compared to the experimental data
collected from the physical experiment.
The turbulent entrainment resulted from double-diffusion has significant impact on the thermal
performance of the solar pond. With the decrease in the thickness of the NCZ the ability to
preserve heat is also decreased.
Hanshik Chung et al [3] discusses about the effect of low pressure on the evaporation
temperature of water. They talk about the process of vacuum desalination, which is a process by
which the saline water is evaporated at a very low temperature when the water is subjected to
vacuum pressure.
This study discusses the possibility of the application of vacuum desalination with a very
low temperature. They set up an experiment where the waste heat energy from the water cooling
machine of a ship can be used as heat source for the desalination process.
The desalination system was designed to minimize the evaporation temperature of water.
The system consists of pump, heater, evaporator designed to have low pressure, condenser, and
ejector. Briefly, water from the storage tank is pumped to the nozzle of the ejector as a drive
fluid to create a low pressure region at the nozzle exit plane inside the ejector. This low pressure
allows the water in the evaporator to vaporize at a low temperature. Feed water with a
temperature range from 40-80o was pumped to the evaporator from the heater for the heat source.
Thus completing the desalination process.
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According to the experiment conducted temperature and flow rate of feed water to the
evaporator and orifice diameter were the main operating variables for this experiment. The
pressure in the lashing tube of the evaporator was maintained around 59.56 mmHg while the
pressure inside the boiling tube was around 586.43 mmHg and 658.99 mmHg at boiling tube
inlet and outlet, respectively. The pressure inside the boiling tube of the evaporator significantly
increased when the feed water flow rate was increased.
From this experimental setup it was found that water could evaporate within a
temperature range of 40 o to 80 o in a low pressure evaporator. The amount of condensed vapor
collected in the experiment was affected by feed water flow rate, temperature, and orifice
diameters. The amount of condensed vapor increased with increases in evaporator flow rate and
temperature and decreased with increasing orifice diameters. Maximum yield of condensed
vapor in the experiment was reached at feed water temperature 80 o and a feed rate of 400
ml/min, with a 1mm diameter orifice.

1.3 Aim and Objective of the Thesis

The aim of the thesis is to develop a CFD-based simulation analysis model of the solar pond
to analyze the double-diffusive nature of temperature and the saline concentration distributions,
the formation of the stable three layer system and the energy storage using computational fluid
dynamics. The simulation model includes estimation of solar radiation, transmissivity, absorbed
and volumetric heat generation. Sensitivity analysis will be performed to determine the energy
storage capability at the lower convective zone. Computational analysis is to be done to analyze
the temperature distribution from the solar pond to the heating chamber (SS302) for desalination
purposes.

CHAPTER-2
SOLAR PONDS

Solar ponds are a type of long term energy storage units which collects the heat energy
from the solar direct radiation and stores the energy in the lower parts by the process of
convection absorption. The solar energy transmits through the water and creates higher
temperature water at the bottom.

2.1 Solar Ponds

The solar pond is a pool of water that is segregated into three different layers namely
upper convective zone (UCZ), non-convective zone (NCZ), and lower convective zone (LCZ).
The separation of these layers is due to the positive salt concentration gradient in each layer.
When salt is added to normal water it changes the density of the water by 0.7 Kg/m3.[1]
Thus these zones are segregated by the increasing salt concentration in each layer which
increases the density of each layer thus separating the three layers. The salt concentration present
in the upper convective zone is the least thus the density of that zone is the least, so it stays on
the top of the pond. The salt concentration of the lower connective zone is the maximum thus
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this gradient stays at the bottom due to higher density. The non-convective zone has a
varying salt concentration, salt concentration varies from a value lower than that present in the
lower convective zone and higher than the concentration present in the upper convective zone,
thus staying in the middle.
While the positive salt concentration gradient is instrumental in the storage of the
incident solar radiation at the bottom region, a negative temperature gradient sets in by the
buoyancy driven natural convection with heating from the absorbed radiation at the bottom may
cause instability in the solar pond. In a stable solar pond, the LCZ layer is responsible for
absorbing the major proportion of the solar radiation and acts as an energy storage region by
retaining the buoyancy-driven convection current within the lower part of the pond. The UCZ is
formed due to heating from the NCZ and cooling from the free surface. The NCZ prevents the
LCZ and UCZ for mixing and unstable stratification. Any disturbances at the UCZ and LCZ due
to wind velocity or turbulence and/or variation solar radiation may lead to unstable solar pond.
The solar pond considered here has a double diffusive model.[7] That is, the three
different zones of the solar ponds generally have two different types of diffusivities such as the
saline diffusivity and the thermal diffusivity of the water. Equations for the stability of the solar
ponds was proposed by VERONIS[5, 11] and STERN[11]. According to them the stability of the
double diffusive layer is similar to the thermo-haline convection as in the ocean and can be
classified into 2 different groups such as,
1. An initially top-heavy configuration of Veronis type.[5, 12]
2. An initially top-heavy or a bottom-heavy configuration of Stern type.[11]

This solar pond takes on the first type since the lower convective zone has a much higher
density than the other layers.
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The solar irradiance from the sun gets to the bottom of the pond first and starts heating
the lower convective zone. This solar radiation starts off the convective flow in the lower
convective zone. Due to convection, the heated molecules at the bottom of the lower convective
zone becomes less dense than the molecules at the top of the lower convective zone thus starts to
move up to the top of the lower convective zones. Thus the lower convective zone gets heated
up. But since the density of the non-convective zone remains lower than the heated lower
convective zone. The heated water molecules cannot go beyond the non-convective zone. Thus
the heat energy of the solar radiation is trapped in the lower convective zone[7].

Figure 2.1 The three different zones of the solar pond.
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The non-convective zone acts as a thermal insulation between the upper and the lower
convective zone. It reduces the heat flow from the lower convective zone, thus trapping the heat
of the solar radiation on the bottom of the pond. The lower convective zones has the capacity to
heat up to a temperature of 90o C[7] without destabilizing the thermal equilibrium in the pond.

This heat energy stored at the bottom of the pond can be used for various purposes such
as electricity generation, desalination etc. In this thesis the energy stored up in the lower
convective zone is used as a heat source for the desalination process. The three different layers of
the solar ponds are discussed extensively in the below paragraphs.

2.1.1 Upper Convective Layer:

The upper convective layer is the top most layer present in the system. This part of the
solar pond usually consists of water with lower salinity. This layer is subjected to radiation from
the sun and convection to the environment. The radiation that hits this layer is transferred
through the layers and reaches the lower convective zones after some of the heat has been
absorbed by the other layers.
Some of the initial conditions that were taken into account while building up this layer
were, Diffuse radiation that occurs at the top surface, global radiation that is occurring at that
particular time at a particular place. The transmissivity of the layer was calculated and was used
to calculate the volumetric heat generation along the depth of the solar ponds.
The properties of the saline water present in the upper convective zone that was taken into
consideration are mentioned in Table 2.1 [10]
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Table 2.1.
Properties of saline water in UCZ

PROPERTIES

UNITS

VALUES

Salinity

g/Kg

0

Temperature

K

304.15

Density

Kg/m3

995.7

Specific Heat

J/Kg-K

4183.9

Thermal Conductivity

W/m-K

0.617

Thermal Expansion Co-Efficient

1/K

0.000303

Latent Heat Of Vaporization

KJ/Kg

2332.6

2.1.2 Non-Convective Zone:

The non-convective zone is the zone that is present in between the upper and the lower
convective zone. This zone has a varying salt content with a higher density than the upper
convective zone but a lower density than the lower convective zone thus this zone doesn’t go to
the top layer or the bottom layer but stays in the middle.
This zone acts as the thermal insulation between the upper and the lower convective
zone. When the convective system starts at the bottom layer all the heated molecules from the
lower convective zone will try to go up because of decrease in the density of the molecules but
since the density of non-convective layer is lower than that of the heated molecules of the lower
convective zone it doesn’t allow the molecules to go above the non-convective zone. Thus acting
as an insulating layer between the two layers.
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The thickness of this layer is highly crucial for the stability of the system[7], if the
thickness is lost the equilibrium between the lower and the non-convective zone will be disturbed
and the system will lack the thermal stability and will fail.
For calculation purposes in this thesis the non-convective layer is considered with the
following properties as mentioned in Table 2.2, [10]

Table 2.2.
Properties of saline water for NCZ

PROPERTIES

UNITS
g/Kg

Salinity

VALUES
60

K

334.15

Density

Kg/M3

1032.5

Specific Heat

J/Kg-K

3902.0

Thermal Conductivity

W/M-K

0.647

Temperature

Thermal Expansion Co-Efficient
Latent Heat Of Vaporization

1/K
Kj/Kg

0.000542
2216.2

2.1.3 Lower Convective Zone

This zone is present at the bottom of the solar pond with the highest density and the
highest salt content. This zone acts as the thermal storage unit. All the heat and the solar
irradiance form the sun comes to this layer first and then starts to heat up this layer. This layer
stores up all the suns radiation energy and can reach up to a temperature of 363.15K. This
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temperature can be harnessed for several purposes such as desalination, electricity generation
and many more by sending a pipe through the lower convection zone.

Figure 2.2 Lower convective zone.

The above image depicts the three different zones and one of the method for utilizing the
thermal energy from the lower convective zone for desalination purpose. The pipe running
through the lower convective zones will act as heat exchanger where the heat source is the lower
convective zone and the pipe is the heat sink. Thus the energy will be transferred from lower
convective zone to the water present inside the pipe. Some of the properties of the upper
convective zone that was taken into consideration are mentioned in Table 2.3, [10]
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Table 2.3
. Properties of saline water in LCZ

PROPERTIES

UNITS

VALUES

Salinity

G/Kg

100

Temperature

K

364.15

Density

Kg/M3

1038.8

Specific Heat

J/Kg-K

3746.9

Thermal Conductivity

W/M-K

0.667

Thermal Expansion Co-Efficient

1/K

0.000695

Latent Heat Of Vaporization

Kj/Kg

2077.14

2.2 Convective Zones

Convective heat transfer is defined as the heat transfer taking place due to the movement
of the particles inside the fluid. When a fluid is heated from the bottom the particles in the
bottom of the fluids get heated up first and then their density will become lower than that of the
particles at the top of the fluid. Thus these particles present at the bottom of the fluid will push
the molecules with lower temperature at the top to the bottom and replaces the particles at the
top. This sets up a convective current.[15]
The sun rays heats up the lower convective zone and starts of the convection current in the LCZ.
Since the density of the LCZ is way higher than that of the NCZ the heated molecules cannot go
further than that of the NCZ thus stays inside the LCZ and starts heating up that zone in
particular to a very high temperature.
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Figure 2.3 The convective system of water molecules.

The above image shows the movement of the molecules when the lower convective zone
receives the solar loads and starts heating up. The molecules stay in that zone because of the
higher density and starts heating up the zone. This is the main reason why the different zones are
called as the convective zones.
2.3 The Stability Criterion

The solar pond acts as thermal storage and collector unit because of the thermal insulator
transparent layer present. This thermally insulating transparent layer is the non-convective zone.
If the thickness of the insulation layer is not maintained constantly then the thermal performance
will drop greatly.
Convection in fluids is set off by the density variations within them. These density
variations may be caused by differences in temperature (Through thermal expansion) or the
concentration of the fluid (For example, salinity concentration). Salinity concentration gradients
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can often diffuse with time, reducing their ability to drive the convection, thus it has to be
maintained at a particular concentration throughout.[7]
Double diffusive convection is a fluid dynamics phenomenon that defines a form
of convection driven by two different density gradients, which have different rates of diffusion.
The solar pond is also considered as a double-diffusive system with both thermal and saline
diffusivities varying along the depth of the solar pond. Since the diffusivities of these two
components are quite different, instabilities of the double diffusive type may occur and may lead
to steady convective motions. The main issue with a solar pond is thus to maintain the nonconvectivity of the gradient zone.[7, 5]
According to Veroni’s the basis for stability in the double-diffusive system or thermohaline convection system that is a solar pond can be characterized by 4 different dimensionless
numbers,[7]
Thermal Rayleigh Number:
∆

=
Salinity Rayleigh Number:

∆

=
Prandt Number:
=
Ratio of diffusivity:

Where, g – Gravity (m/s)
d – Depth (m)

� =
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∆ And ∆ are the change in thermal and salinity concentration along the depth of the solar
pond.

v – Kinematic viscosity of the salt water. (m2/s)
KT – thermal conductivity (W/m-K)

� And β are the thermal and salinity expansion co-efficient and are expressed by,
�=

. �

=

And

�

Thus the stability number can be given by,
�

=
�

>

=

. �

�

∆
∆

� +
� + �

As RP increases the stability of the solar ponds will be growing higher and if that starts to
decrease the thermal stability and performance will also starts to decrease.[7]

CHAPTER-3
DESALINATION PLANT

Desalination is the process of removing the salt content or mineral content from the saline
water through different methods to produce a fresh water for drinking purposes.[15] The
desalinated water has many purposes some of the main purpose being drinking water, irrigation
purpose and many more.
The most used process of desalination is the process of evaporation and condensation,
where the water is heated to the evaporation temperature of water and when the water evaporates
it will leave behind the salt content present in the saline water. This evaporated water is then
collected and then condensed to get fresh drinkable water. This thesis uses the evaporation
condensation method for desalinating the brine water. In nowadays the desalination processes are
all aiming at cost reduction, greener energy consumption. These all can be achieved by using a
renewable source of energy as the heat source. This thesis uses the solar power as the heat
source, a widely available source of renewable energy.
The desalination process that is used in this thesis consists of 3 important parts namely,
1. Heat source
2. Condensation chamber
3. Filtration chamber.
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3.1 Heat Source

The heat source for the desalination process is a double diffusive solar pond. It stores the
solar energy from the sun and stores it in the lower convective zone. This stored energy is tapped
using the heating chamber present in the lower convective zone.

Figure 3.1 Heat source

The solar heat flux that is transmitted through the three layers of the convective zones
heats up the lower convective zone and sets up a convective system. This convective system
heats up the lower convective zone and converts it into a volumetric heat generating source for
the solar pond. This volumetric heat energy is then tapped using the heating chamber as shown in
Figure 4. Due to higher density and the convective effect of the solar irradiance the lower
convective zone has the highest temperature in the solar pond which is used as the heat source.
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3.1.1 Heat Extraction from Lower Convective Zone

The main aim of the thesis is to extract the heat energy from the lower convective zone
for the desalination process. This heat extraction from the lower convective zone can be
determined using the equation,[1]

Q

= ṁ

C

,

(T

,

− T

,

)

Where,
ṁ
C

= mass flow rate of the brine water

= specific heat of the brine water

,

T

,

= temperature at which the brine water exits the heating chamber

T

,

= temperature at which the brine water enters the heating chamber

3.1.2 Heating Chamber

The heating chamber of the desalination plant is immersed in the Lower convective zone
as shown in figure 3.2. It is done so because the main heat source lies at the bottom of the pond.
The heating chamber is a valve controlled system with three different valves to control the flow
of the sea water and fresh water.
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VALVE

VALVE

VALVE
Figure 3.2 Heating chamber

The method by which the heating chamber works is described in points below.
1. In the first operation the valve-1 opens to let the salt water that has to desalinated inside
the heating chamber which is a heat exchanger
2. The pressure inside the chamber is reduced below the atmospheric pressure to quickly
evaporate the brine.
3. Once the brine is evaporated the valve 3 is opened and the steam brine is removed and
sent to the condensation chamber
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Figure 3.3 Salt removal system

4. Then after that process the valve three is closed and valve one and two are open and the
remaining salt content is removed using a different source of water.
5. Thus the fresh water is removed from the brine solution using the lower convective
zone’s heat energy as the heat source.
The removed salt content from the heat chamber can be used for various different purposes.
Some of them including the maintenance of the salinity gradient and the thickness in the solar
pond to achieve thermal stability.

3.1.3 Low Pressure Evaporation

Low pressure evaporation [3] is a process by which water is vaporized at a lower
temperature when subjected to lower pressure. The boiling point of water drops considerably
with decreasing atmospheric pressure. The price at which we are decreasing the pressure is much
negligible with comparison to the cost of heating it to the boiling point using a heating source.
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According to Boyle’s law[15]at constant temperature for a fixed mass, the absolute pressure and
the volume of a gas are inversely proportional.
Pressure x Volume ∝

Temperatue

Thus decreasing the pressure at which the brine water is kept decreases the temperature of its
boiling point.
3.2 Condensation Chamber

The fresh steam of water passes through the condensation chamber and get condensed
into fresh water. The condensation chamber is considered as a multi-pass, counter flow heat
exchanger with a cylindrical wall with four passes.

Figure 3.4 Condensation chamber
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3.2.1 Overall Heat Transfer Co-Efficient

For the heat exchanger calculation we have to first calculate the overall heat transfer coefficient (U) for the system. This is represented with the equations, [9]
Q = UA∆T

Where,

∆Tm is the temperature difference in the entire heat exchanger.
A is the area of the heat exchanger.
Q is the heat transfer rate.
Here for the cylindrical wall the overall heat transfer co-efficient can be calculated using the
equations, [9]
U =

o

o

+ R

o

ln

i

o

+

i

o

R +

i

i

And,

U =

i

+ R

i

ln

i

o

+

i

o

R +

i

o

o

Here the Rfo represents the foul factor for the heat exchanger. Since the water used are sea water
and contains a lot of impurities we have taken into consideration the foul factor also with the
equation to compute the overall heat transfer co-efficient. [9] Ho,I represents the average
convection co-efficient for the outside and inside of the tube.
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3.2.2 LMTD Analysis of Heat Exchanger

According to the logarithm mean temperature difference method of analysis heat
exchanger the total heat transfer rate for the heat exchanger can be calculated using the
formulas,[9]
Q = ṁ C (T , − T , )

And,

Q = ṁ C (T , − T , )
Where,
̇ = mass flow rate

CC = constant pressure specific heat.
The denomination of c and h represents the hot and cold temperatures of the fluid.
The above equation can further be simplified as [9]

Where, ∆T

Q = UA∆T

represents the log mean temperature difference of the fluids and is given by, [9]
∆T

=

∆T − ∆T

Where,

ln

∆
∆

∆T = T , − T ,
∆T = T

,

− T,

The above given equations are applicable for a counter flow heat exchanger where the fluids
move in parallel but opposite directions.
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3.2.3 Effectiveness of Heat Exchanger

The effectiveness of the heat exchanger is the efficiency with which the heat exchanger is
transferring the given amount of heat from the hot fluid body to the cold fluid body. The
equation for effectiveness is given by, [9]

=

Actual heat transfer
Q
=
Q
Maximum possible heat transfer

The effectiveness for a counter-flow heat exchanger using the NTU method can be given
by,[9]

=

−(

C

− exp {−NTU [ − (
⁄C

C

⁄C

) {exp {−NTU [ − (

Where,
NTU is the number of transfer units and is given by, [9]

NTU =

UA
C

Where, Cmin is the minimum specific heat of the fluids.

C

)]}
⁄C

)]}}
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3.3 Filtration System

The filtration system is a series of porous membranes that decreases the particle per
million (ppm) from the condensed fresh water and makes it drinkable.

Figure 3.5 Filtration system

The filtration system in the plant uses a selected micro-porous membrane with a 70-80%
porosity. The membranes are kept in layers of decreasing porosity thus reducing the ppm in the
water.

CHAPTER-4
MATHEMATICAL MODEL

4.1 Assumptions

Place: Madison, Wisconsin

Date: 16th Feb, 2016

Latitude: 43.0667ON

Longitude: 89.4oE
4.2 Declination Angle

It is defined to be that angle made between a ray of the Sun, when extended to the center
of the earth, O, and the equatorial plane.[15, 16]
δ=

.

+N

sin

Where, N = number of days, Thus for 16th Feb N will be 47.
Substituting in the equation we get the declination angle to be,
δ= −

.

4.3 Sun – Rise Hour Angle
=

−

Where, ∅ = the latitude of the place taken.

−tan∅ .

�

[16, 13, 8]
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Substituting the values we get the value for the sunrise hour angle as,
ω =

.

= .

rad

4.4 Day Length
̅��� =

�

S̅

=

[16, 13, 8]

�

Substituting the values to the equation we get the maximum day length value to be,
.

4.5 Monthly Average Extra-Terrestrial Radiation

Where,

I =

π

I ( + .

.

Cos

[13, 8]
) {ω sin∅. sinδ + cos∅. cosδ. sinω }

= solar constant value (1367 w/m2 = 4921.2 J/s.m2)
Substituting all the values in the above equation we get the value of the monthly average
radiation to be,
I =

,

kJ
=
m − day

.

4.6 Global Radiation

�

Where,
a = fitting constant = 0.3

=

+

̅

̅
��

[13, 8]

.

W
m
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b = fitting constant = 0.34
̅ = Average sunshine hours/day.

Substituting these values in the above equation we have,

I =

,

kJ
=
m − day

.

.

W
m

4.7 Diffuse Radiation
��
��

= .

�� [13, 8]

− .

[� ]
�

Substituting the values in the above equations we have,
=

.

=

−

4.8 Beam Radiation:

�

=

+

[13]

Substituting the values that we already have in the above equations we have,

=

.

−

=

.
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4.9 Angle of Incidence:

Where,

� = � ∅. � � +

∅.

�.

[13, 8]

is the hour angle and is given by,
= ℎ .

= −

Nhn is the number of hours from noon, morning hours will be in positive and the afternoon hours
will be in negative.
Substituting the values that we already have in the above equations we have,
�=

.

4.10 Angle of Refraction:

Where,

� =

�

−

� �� [13, 8]

}

{

�� = angle of incidence

= refractive index of water = 1.33

Substituting the values that we already have in the above equations we have,
� =

.
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4.11 Solar Flux Reflected from Water:

Where,

=

� +

�

[13]

� and � are the reflectivity component for the material and is calculated using the equation,

[13]

� =

�
�

� − ��
� + ��

� =

� − ��
� + ��

� = � = � + �
Thus the values for different angles of refractivity for beam and diffuse radiation (angle of
incidence is taken to be 60o thus the angle of refraction will be 40.63o) the values for � and
� are given as,

� = .

� = .

Substituting the values that we already have in the above equations we have, [13]
= .

⁄
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4.12 Flux Entering the Water
=

�

[13]

−

Substituting the values that we already have in the above equations we have,

= .

⁄

4.13 Transmissivity

The transmissivity of water varies for both diffuse and beam radiation because of the difference
in refractive index in the water. Thus the equ
ations for both are given as, [13]
4.13.1 Transmissivity for Beam Radiation:

τ

= .

− .

ln (

depth
)
Cos θ

4.13.2 Transmissivity for diffuse radiation:

τ

= .

− .

ln (

depth
)
Cos θ

Thus giving us a table of values through different depths of the water.
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4.14 Solar Flux at Depth y

Variation of the solar radiation intensity along the depth of the water in the solar pond is shown
in the table 4.1 below.
f

Where,
�

and �

= I τ τ

+ I τ τ

[13]

are the transmissivity of the water through reflection that is given by, [13]
�

�

=
=

− �
− �

The transmissivity of the Saline water along the depth of the pond is given in Table 4.1.
4.15 Heat Absorbed
It is the heat absorbed by the solar pond through the diffuse radiation by the solar pond. It is
given by, [13]
q̇

= τ A

I

Where,
� = area of the solar pond.
4.16 Volumetric Heat Generation

The volumetric heat generation for the entire pond can be given by, [13, 14]

Q̇′′′ =

q̇
�olume
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Table 4.1.
Values of Solar Flux through Depth.

DEPTH m
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
1.5
1.55
1.6

TRANSMISSIVITY
BEAM
0.578975509
0.523523735
0.491086526
0.46807196
0.450220476
0.435634752
0.423302697
0.412620186
0.403197543
0.394768702
0.387143887
0.380182977
0.373779561
0.367850923
0.362331493
0.357168411
0.352318442
0.347745769
0.343420391
0.339316927
0.335413714
0.331692113
0.328135972
0.324731203
0.321465443
0.318327786
0.31530856
0.312399148
0.309591843
0.306879719
0.304256533
0.301716637

TRANSMISSIVITY
DIFFUSION
0.577590972
0.522139197
0.489701989
0.466687423
0.448835939
0.434250214
0.42191816
0.411235648
0.401813005
0.393384164
0.38575935
0.37879844
0.372395023
0.366466385
0.360946956
0.355783874
0.350933904
0.346361231
0.342035853
0.33793239
0.334029177
0.330307575
0.326751434
0.323346665
0.320080906
0.316943249
0.313924022
0.311014611
0.308207305
0.305495181
0.302871995
0.300332099

SOLAR FLUX,
W/m2
79.7442
72.09866
67.62631
64.45312
61.99181
59.98077
58.28045
56.80758
55.50841
54.34626
53.29498
52.33522
51.45234
50.63491
49.87391
49.16204
48.49334
47.86287
47.2665
46.70072
46.16256
45.64943
45.15912
44.68968
44.23941
43.8068
43.39051
42.98937
42.60231
42.22837
41.86669
41.5165
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Table 4.2 Shows variation in absorbed solar radiation energy and volumetric heat generation in
solar pond with depth in the y-direction.
Table 4.2.
Values of volumetric heat generation through depth.

DEPTH

TRANSMISSIVITY

HEAT ABSORBED
KW

VOLUMETRIC
HEAT
3
GENERATION (W/M )

0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
1.5

0.577590972
0.522139197
0.489701989
0.466687423
0.448835939
0.434250214
0.42191816
0.411235648
0.401813005
0.393384164
0.38575935
0.37879844
0.372395023
0.366466385
0.360946956
0.355783874
0.350933904
0.346361231
0.342035853
0.33793239
0.334029177
0.330307575
0.326751434
0.323346665
0.320080906
0.316943249
0.313924022
0.311014611
0.308207305
0.305495181

0.138621833
0.125313407
0.117528477
0.112004981
0.107720625
0.104220051
0.101260358
0.098696556
0.096435121
0.094412199
0.092582244
0.090911626
0.089374806
0.087951932
0.086627269
0.08538813
0.084224137
0.083126695
0.082088605
0.081103774
0.080167002
0.079273818
0.078420344
0.0776032
0.076819417
0.07606638
0.075341765
0.074643507
0.073969753
0.073318843

23.10363887
20.88556789
19.58807954
18.66749691
17.95343755
17.37000856
16.87672639
16.44942593
16.07252022
15.73536657
15.43037399
15.15193759
14.89580092
14.65865541
14.43787822
14.23135495
14.03735616
13.85444924
13.68143413
13.51729559
13.36116706
13.21230301
13.07005737
12.93386661
12.80323623
12.67772994
12.55696089
12.44058443
12.32829221
12.21980724

37

4.17 Energy Equation:

The energy equation for solving temperature distribution in the solar pond is given as, [6, 14, 1]
�

∆ = [−

∆

] + [�

� (

−

�

) ]+

̇ �′′′

Where,
� = density of water

= specific heat of water

∆ = change in temperature
K = thermal conductivity

� = Stephan-Boltzman constant = 5.6703 10-8 (W/m2K4)

Ew = emissivity of water
Ap = area of solar pond.

Tsp = solar pond temperature
T

= ambient temperature

Q̇′′′ = Volumetric heat generation.

The above equation can be also written as, [6, 14, 1]

�

[

+

+

]=[

(

)+

(

)+

(

)] + ̇ �′′′

The above equation represents a three dimensional temperature equation with a
volumetric heat generated due to absorbed thermal radiation across the depth of the entire solar
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pond. The (u, v, w) here represents the velocity magnitude across the (x, y, z) plane in the solar
pond. The volumetric heat generation here can be represented in an equation form as, [6, 14, 1]

̇ �′′′ =

( .

− .

ln (

�

�

ℎ

)) ∗

ℎ

∗

�

�

Where,
̇ �′′′ = Volumetric heat generation. (W/m3)

Y = depth of the solar pond (m)

Θref = angle of reflectivity (degrees)

Idiffusion = diffuse radiation (W/m2)

4.18 Momentum Equations

The flow field is computed based on incompressible Navier-Stokes equation along with
the inclusion of buoyancy force in the y-momentum equation, [6]
�

�

+

�

�

+

�

�

=

Or

. �⃗ =

Substituting the above assumptions to the Navier-Stokes equations, we have[6]
X- momentum:

∂u
∂u
∂u
∂u
∂p
∂ u
∂ u
∂ u
ρ ( + u + � + � ) = ρg −
+ μ
+
+
∂t
∂x
∂y
∂z
∂x
∂x
∂y
∂z
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Y- Momentum
∂�
∂�
∂�
∂�
∂p
∂ �
∂ �
∂ �
ρ ( + u + � + � ) = ρg −
+ μ
+
+
− gβ [ −
∂t
∂x
∂y
∂z
∂y
∂x
∂y
∂z

∞]

Z- Momentum
ρ(

∂�
∂�
∂�
∂�
∂p
∂ �
∂ �
∂ �
+u
+�
+ � ) = ρg −
+ μ
+
+
∂t
∂x
∂y
∂z
∂y
∂x
∂y
∂z

Here the y-momentum consists a gravity term because of the gravity that acts along the yplane of the solar pond. The gravity here plays a major role in temperature distribution and
salinity distribution.

4.19 Salt Diffusion Equation:

The steady state equation for the salt diffusion through the solar pond is given by the following
equation, [6]

ρ (u.
Where,

∂C
∂C
∂C
∂
+ �.
+ �. ) = ( (D
∂x
∂y
∂z
∂x

C = salinity co-efficient
DS = salt diffusion co-efficient. [

=

��

� ��

]

.

∂C
∂
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∂x
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.

∂C
∂
)) + ( (D
∂y
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.

∂C
))
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CHAPTER-5
COMPUTATIONAL ANALYSIS

In this chapter details of computational model and analysis results are presented.
Computational analysis includes evaluation of the following three characteristics of solar pond:


ANSYS steady state thermal analysis without convection



CFD thermal analysis flow and temperature with heat absorbing/collecting module for
energy Storage and transfer for desalination plant



CFD coupled thermal and concentration analysis to evaluate double diffusive effect on
the stratification of solar pond.
Evaluate energy storage capability of the solar pond in LCZ and heating of the collection

module for the desalination plant.
5.1 Computational Modeling

At first a solid model of the solar pond without the three layers of the solar pond was
designed. This model was created to see the thermal activity of the pond with fresh water and
saline water so as to compare the thermal results with the double diffusive model of the solar
pond with three different layers. Then the solid model with the three layers was created to see the
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fluid dynamics and the thermal analysis of the three zones. This solid modeling was done to see
the temperature distribution in the Lower Convective Zone and to analyze the temperature
difference between the Lower Convective Zone and the Non-Convective Zone. Thus the entire
analysis part is subdivided into three different parts such as,


Fresh water analysis



Saline water analysis



Solar pond with three different layers.
The double diffusive model was researched with the saline water and the solar pond, this

was done to see the flow direction of the salt particles in the pond and to analyze the variation of
temperature distribution through the depth. The salt particles has high soluble rate and is fully
soluble in water thus the tracing of the salt particles in the water is highly difficult thus the saline
water and the solar pond are considered as saline water with solute as salt which is already
dissolved in the water, thus giving different properties for water with varying salt content to
replicate the solar pond properties.
5.1.1 Description of the Solar Pond Geometry

Fresh Water and Saline Water Description:
The dimensions assumed for this solid modeling are:


Length: 2.5m



Breath: 1.5m



Depth: 1.5m
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Along with the solid modeling of the solar pond a 3-D model of the pipe (assumed as SS 302
material) was also placed at the bottom of the solar pond to see the heat flux and the convective
properties that might affect the temperature flow in the pond. The dimensions of the pipe are,


Length: 2.75m



Radius: 0.1m



Wall thickness: 0.005m



Depth at which it was placed: 1.3m

Figure 5.1. Solid modeling of the fresh water and saline water pond.
Solar Pond:
The dimensions assumed for this solid modeling are:


Length: 2.5m



Breath: 1.5m



Depth: 1.5m
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The thickness of each layer of the solar pond for calculating purposes is taken as:


LUCZ = 0.15m



LNCZ = 0.9m



LLCZ = 0.45m

Along with the solid modeling of the solar pond a 3-D model of the pipe (assumed as SS 302
material) was also placed at the bottom of the solar pond to see the heat flux and the convective
properties that might affect the temperature flow in the pond. The dimensions of the pipe are,


Length: 2.75m



Wall thickness: 0.005m



Radius: 0.1m



Depth at which it was placed: 1.3m

Figure 5.2. Solid Modeling of the solar pond with three different gradient.
The various layers of the solar pond model were defined with different properties of salt
water to get the gradient effect. The upper convective zone was considered to be fresh water
while the non-convective zone was considered to be water with a salinity content of 60 g/Kg and
the lower convective zone was considered to be water with a salinity content of 100 g/kg.

44

5.1.2 Properties of Solid Modeling

Some of the properties that were taken into account for the analysis of the solar pond are
given in Table 5.1, [10]
Table 5.1.
Properties of water for different solid modeling.

PROPERTIES
Density (Kg/M3)
Specific Heat Capacity,
Cp (J/Kg-K)
Thermal Conductivity,
KT(W/M-K)
Thermal Expansion CoEfficient, Σ (K-1)
Convective Heat
Transfer Co-Efficient,
Hc(W/M2-K)

STAINLE
SS STEEL
SS 302

FRESH
WATER
(salinity:
0g/kg)

SALINE
WATER
(salinity:
60g/kg)

UCZ
(salinity:
0g/kg)

NCZ
(salinity:
60g/kg)

LCZ
(salinity:
100g/kg)

7944.1327

995.7

1032.5

995.7

1032.5

1038.8

502

4183.9

3902.0

4183.9

3902.0

3746.9

18.15

0.617

0.647

0.617

0.647

0.667

0.000522

0.000385

0.000522

0.000695

11.3

11.3

11.3

11.3

-

-

0.000385

11.3

5.2 Fresh Water Analysis

This part contains the analysis of the solar pond with just fresh water properties. Steady
state thermal and computational fluid dynamics analysis were performed using the same model
and properties with different software to see the thermal and the fluid flow through the pond and
the results are discussed below.
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5.2.1 Ansys Steady State Thermal Analysis

The steady state thermal analysis of the Fresh water pond takes 4 different processes to
reach the final solution. The processes are:
1. Meshing of the solid modeling
2. Giving the initial conditions and setting up the environment
3. Giving the required Boundary conditions
4. Arriving at the solution
These 4 steps are explained below in detail.

5.2.1.1 Meshing of Solid Modeling

The meshing of the solid modeling is an important step so as to give the solid modeling
the required nodes and element for performing a finite element analysis of the model. The
meshing of the solid model takes two steps first being the coarse meshing and then refining it to
achieve a better meshing and more number of nodes and elements. The properties of the meshing
before and after refinement are given in Table 5.2,
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Table 5.2.
Meshing properties.

PROPERTIES
Object Name
SIZING
Use Advanced Size Function
Relevance Center
Element Size
Initial Size Seed
Smoothing
Transition
Span Angle Center
Minimum Edge Length
INFLATION
Use Automatic Inflation
Inflation Option
Transition Ratio
Maximum Layers
Growth Rate
Inflation Algorithm
Advanced
Number of CPUs for Parallel
Part Meshing
Shape Checking
Element Midside Nodes
Straight Sided Elements
Number of Retries
STATISTICS
Nodes
Elements



BEFORE REFINEMENT
Mesh

AFTER REFINEMENT
Refinement

Off
Coarse
Default
Active Assembly
Medium
Fast
Coarse
0.565490 m

Off
Fine
Default
Active Assembly
Medium
Fast
Fine
0.565490 m

None
Smooth Transition
0.272
5
1.2
Pre

None
Smooth Transition
0.272
5
1.2
Pre

Program Controlled

Program Controlled

Standard Mechanical
Program Controlled
No
Default (4)

Standard Mechanical
Program Controlled
No
Default (4)

55722
9625

80642
25645

The bottom of the solid modeling was the only part refined because of error correction in
the solution as shown in Figure 5.9.



The error in the analysis was visible only in the bottom near the pipe so as to reduce the
error the bottom part as well as the parts near the pipe was well refined as shown in figure
5.4.
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Figure 5.3 Meshing before refinement of the Solid Modeling.

Figure 5.4. Mesh refined.
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5.2.1.2 Intial Condition of Analysis

The initial conditions or the environment setting was done using the properties mentioned
in Table 5.3,
Table 5.3.
Initial conditions, fresh water steady state analysis.

PROPERTIES
STEP CONTROLS
Number Of Steps
Current Step Number
Step End Time
Auto Time Stepping
SOLVER CONTROLS
Solver Type
RADIOSITY CONTROLS
Radiosity Solver
Flux Convergence
Maximum Iteration
Solver Tolerance
Over Relaxation
Hemicube Resolution
Initial temperature
NONLINEAR CONTROLS
Heat Convergence
Temperature Convergence
Line Search
OUTPUT CONTROLS
Calculate Thermal Flux
General Miscellaneous
Store Results At
ANALYSIS DATA MANAGEMENT
Save MAPDL db
Delete Unneeded Files
Nonlinear Solution
Solver Units
Solver Unit System

VALUES
1.
1.
1. s
Program Controlled
Program Controlled
Program Controlled
1.e-004
5000.
8.e-002 W/m²
0.1
10.
300 K
Program Controlled
Program Controlled
Program Controlled
Yes
No
All Time Points
No
Yes
Yes
Active System
Mks
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5.2.1.3 Boundary Conditions

The calculated boundary conditions were inputted to get the final value of the ansys analysis
for the fresh water. The boundary conditions were reduced by thirty percent because of the thirty
percent reduce in the refractive index of the water, this in turn changes the transparency of the
fresh water and changes the values of heat absorbed and volumetric heat generations. Also the
losses to the environment such as the loss of temperature to the surrounding temperature were
also taken into consideration. The inputted boundary conditions are given below,


FLUID-SOLID interface between the pond water and the solid pipe was mentioned at the
interface contact region.



Top Surface of the Pond Water:
o Convection:


Convective heat transfer co-efficient: 11.3



Ambient temperature: 300 K

o Radiation:


Surface to ambient



Emissivity: 0.969



Ambient temperature: 300 K

o Volumetric Heat Generation: 12.32 W/m3
o Heat source: 95.15 W


Side walls of the pond water:
o Adiabatic conditions


Heat flux: 0 W/m2 (perfectly insulated)
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Bottom wall of the pond water:
o Volumetric Heat Generation: 12.3966 W/m3
o Heat source: 70.15 W



Pipe present at the bottom:
o Exterior of the pipe:


Convection:


Convective heat transfer co-efficient: 18.15



Ambient temperature: 300 K

5.2.1.4 Solution


Temperature flow across the pond water for the given boundary conditions,
a. Maximum temperature: 338.66 K
b. Minimum temperature: 277.25 K

Figure 5.5. Total temperature of the fresh water pond.
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Figure 5.6. Total temperature of the fresh water pond viewed from the Z-Y axis.


Temperature flow in the pipe:
a. Maximum temperature: 327.28 K
b. Minimum temperature: 325.16 K

Figure 5.7. Temperature of the pipe situated at the bottom of the fresh water pond.
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Figure 5.8 Temperature Of The Pipe Situated At The Bottom Of The Fresh Water Pond Viewed
From Z-X Axis/ Top View


Error plot for the fresh water
a. Maximum value: 0.016566
b. Minimum value: 8.6256 e-12

The thermal analysis of the solid modeling was done to refine the mesh manually to reduce the
thermal error in the solid modeling.
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Figure 5.9 Thermal error plot for the Fresh water pond before refinement

Figure 5.10 Thermal error plot for the Fresh water pond after refinement
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5.2.2 Star CCM+ Computational Fluid Dynamics Analysis

The solid part that was created in solid works was imported into star ccm+ and was divided
into 2 regions such as water and pipe. The properties of fresh water were imported into the
physics of the analysis.
1. Water
a. Water_top
b. Water_sides
c. Water_bottom
d. Water pipe top
e. Water pipe bottom
2. Pipe
a. Pipe outer top
b. Pipe outer bottom
c. Pipe inner top
d. Pipe inner bottom
3. Interfaces
a. Pipe outer top and water pipe top
b. Pipe outer bottom and water pipe bottom
The different regions and interfaces were created to give separate boundary conditions and better
properties.
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5.2.2.1 Meshing

Some of the meshing models that were used were,


Surface re-mesher



Advanced layer meshing
o Base reference values: 0.02 m



Extruder

The meshing here is still coarse and was refined using the field function,

($Temperature > 325.15)/ 0.008:0.02


This formula states that if the temperature is above 325.15 the mesh size will be reduced
to 0.008 at the points where the temperature is above 325.15 K and the rest will stay at
0.02m of the reference value.



A XYZ-table was plotted with temperature and the field function and the values were
extracted from the solution. This values were then included in the advanced layer
meshing option to refine the mesh.
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Figure 5.11 Meshing of the solid modeling done in star ccm+ viewed from Y-Z axis.

Figure 5.12 Meshing of the solid modeling done in star CCM+ viewed from X-Y axis.
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5.2.2.2 Physics

The different physics models were selected for water and pipe. Different physics model
was used because the water portion was considered to be fluid and the pipe region was
considered to be solid. The physics model were as follows,
o Diffuse radiation: 64W/m2

Water


Constant density

o Direct



Steady state flow

W/m2



Gravity



Three dimensional



Gray thermal radiation



View factors calculation

o Thermal environment: 300 K

radiation:

Pipe:



Gradients



Constant density



Laminar



Steady state flow



Liquid



Gravity

o Density: 995.74 Kg/m3



Gray thermal radiation

o Specific heat: 4183.9 J/Kg-K



Gradients

o Thermal conductivity: 0.617



Solid (SS302)



Radiation

W/m-K


Radiation



Segregated solid energy



Segregated flow



Surface to surface radiation



Segregated fluid temperature



Three dimensional



Solar loads



View factors calculation

86.388
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5.2.2.3 Boundary Conditions

The calculated values of the solar flux, heat absorbed and the volumetric heat generations
were plugged into their respective regions and the simulation was run for 1000 iterations where
the energy equation flat-lined.


Top surface of the pond water:
o Convection:


Convective heat transfer co-efficient: 11.3



Ambient temperature: 300 K

o Radiation:


Surface to ambient



Emissivity: 0.969



Ambient temperature: 300 K

o Solar Load


Diffuse radiation flux at the top surface: 79.744 W/m2

o Volumetric Heat Generation: 23.1036 W/m3


Side walls of the pond water:
o Adiabatic conditions




Heat flux: 0 W/m2 (perfectly insulated)

Bottom wall of the pond water:
o Solar Load


Diffuse radiation flux; 42.2283 W/m2

o Volumetric Heat Generation: 12.3966 W/m3
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o Heat source: 73.3188W


Pipe present at the bottom:
o Interior of the pipe:


Heat flux: -90.15 W/m2



Convection:


Convective heat transfer co-efficient: 18.15



Ambient temperature: 300 K

o Exterior of the pipe:


Convection:


Convective heat transfer co-efficient: 18.15



Ambient temperature: 300 K

5.2.2.4 Result

1. Temperature flow across the pond due to radiation, solar loads and convection losses,
a. Maximum temperature: 338.91 K
b. Minimum temperature: 302.58 K

60

Figure 5.13 Total temperature of the fresh water pond as analyzed using Star CCM+ fluid
dynamics analysis software. As viewed from an isometric view.

Figure 5.14. Total temperature of the fresh water pond as analyzed using Star CCM+ fluid
dynamics analysis software. As viewed from Y-Z axis.
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Figure 5.15. Total temperature of the fresh water pond as viewed from a plane that was cut at
mid-plane taking Z-Y axis as the reference axis.
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Figure 5.16. Temperature Vs Depth graph for the solar pond.
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A graph can be plotted using the values of the line probe for the temperature variation
along the depth of the pond and can be plotted as shown in Figure 5.16,
2.

Temperature of the pipe,
a. Maximum temperature: 322.73 K
b. Minimum temperature: 304.87

Figure 5.17 Total temperature of the stainless steel pipe present at the bottom of the pond as
analyzed using Star CCM+ fluid dynamics analysis software. As viewed from isometric view.

Figure 5.18 Total temperature of the stainless steel pipe present at the bottom of the pond as
analyzed using Star CCM+ fluid dynamics analysis software. As viewed from X-Z axis/ Top
view.
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Figure 5.19 Total temperature of the stainless steel pipe present at the bottom of the pond as
analyzed using Star CCM+ fluid dynamics analysis software. As viewed from X-Y axis/ side
view.

3. Velocity magnitude in the pond,

Figure 4. Velocity magnitude of the water particles moving through the fresh water pond due to
solar radiation and the solar heat flux viewed from a reference plane through the middle of the
pond taking X-Y axis as the reference plane.
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Figure 5.21 Zoomed-In view of the velocity magnitude of the water particles moving through the
fresh water pond due to solar radiation and the solar heat flux viewed from a reference plane
through the middle of the pond taking X-Y axis as the reference plane.
4. Velocity line probe,

Figure 5.22. Velocity magnitude of the water particles moving through the fresh water pond due
to solar radiation and the solar heat flux viewed using a line probe through the middle of the
pond taking X-Y axis as the reference plane.
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5.3 Saline Water Analysis

5.3.1 Ansys Steady State Thermal Analysis

The steady state thermal analysis of the Fresh water pond takes 4 different processes to
reach the final solution. The processes are:


Meshing of the solid modeling



Giving the initial conditions and setting up the environment



Giving the required Boundary conditions



Arriving at the solution

These 4 steps are explained below in detail.

5.3.1.1 Meshing of Solid Modeling

The meshing of the solid modeling is an important step so as to give the solid modeling
the required nodes and element for performing a finite element analysis of the model. The
meshing of the solid model takes two steps first being the coarse meshing and then refining it to
achieve a better meshing and more number of nodes and elements. The properties of the meshing
before and after refinement are given in table 5.4.
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Table 5.4.
Meshing properties of saline water.

PROPERTIES
Object Name
SIZING
Use Advanced Size Function
Relevance Center
Element Size
Initial Size Seed
Smoothing
Transition
Span Angle Center
Minimum Edge Length
INFLATION
Use Automatic Inflation
Inflation Option
Transition Ratio
Maximum Layers
Growth Rate
Inflation Algorithm
View Advanced Options
Patch Conforming Options
Triangle Surface Mesher
Advanced
Number of CPUs for Parallel
Part Meshing
Shape Checking
Element Midside Nodes
Straight Sided Elements
Number of Retries
Extra Retries For Assembly
Rigid Body Behavior
Mesh Morphing
STATISTICS
Nodes
Elements
Mesh Metric

BEFORE REFINEMENT
Mesh

AFTER REFINEMENT
Refinement

Off
Coarse
Default
Active Assembly
Medium
Fast
Coarse
0.565490 m

Off
Fine
Default
Active Assembly
Medium
Fast
Fine
0.565490 m

None
Smooth Transition
0.272
5
1.2
Pre
No

None
Smooth Transition
0.272
5
1.2
Pre
No

Program Controlled

Program Controlled

Program Controlled

Program Controlled

Standard Mechanical
Program Controlled
No
Default (4)
Yes
Dimensionally Reduced
Disabled

CFD
Program Controlled
No
Default (4)
Yes
Dimensionally Reduced
Disabled

55722
9625
None

233940
97291
None
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Figure 5.23. Coarse meshing of the solid modeling in Ansys.

Figure 5.24. Refined meshing of the solid modeling in ansys.
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5.3.1.2 Initial Condition of Analysis

The initial conditions or the environment setting was done using the properties mentioned
in Table 5.5,
Table 5.5.
Initial conditions of the saline water

PROPERTIES
Step Controls
Number Of Steps
Current Step Number
Step End Time
Auto Time Stepping
Solver Controls
Solver Type
Radiosity Controls
Radiosity Solver
Flux Convergence
Maximum Iteration
Solver Tolerance
Over Relaxation
Hemicube Resolution
Initial temperature
Nonlinear Controls
Heat Convergence
Temperature Convergence
Line Search
Output Controls
Calculate Thermal Flux
General Miscellaneous
Store Results At
Analysis Data Management
Save MAPDL db
Delete Unneeded Files
Nonlinear Solution
Solver Units
Solver Unit System

VALUES
1.
1.
1. s
Program Controlled
Program Controlled
Program Controlled
1.e-004
5000.
8.e-002 W/m²
0.1
10.
300 K
Program Controlled
Program Controlled
Program Controlled
Yes
No
All Time Points
No
Yes
Yes
Active System
Mks
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5.3.1.3 Boundary Conditions

The calculated boundary conditions were inputted to get the final value of the ansys analysis,
the inputted boundary conditions are given below,


FLUID-SOLID interface between the pond water and the solid pipe was mentioned at the
interface contact region.



Top surface of the pond water:
o Convection:


Convective heat transfer co-efficient: 11.3



Ambient temperature: 300 K

o Radiation:


Surface to ambient



Emissivity: 0.969



Ambient temperature: 300 K

o Solar flux:


Diffuse radiation flux at the top surface: 79.744 W/m2

o Volumetric Heat Generation: 23.1036 W/m3
o Heat source: 138.62 W


Side walls of the pond water:
o Adiabatic conditions




Heat flux: 0 W/m2 (perfectly insulated)

Bottom wall of the pond water:
o Solar flux:
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Diffuse radiation flux; 42.2283 W/m

o Volumetric Heat Generation: 12.3966 W/m3
o Heat source: 71.319 W


Pipe present at the bottom:
o Convection:


Convective heat transfer co-efficient: 18.15



Ambient temperature: 300 K

5.3.1.4 Solution



Temperature flow across the pond water for the given boundary conditions,


Maximum temperature: 377.9 K



Minimum temperature: 280.11 K

Figure 5.25 Total temperature distribution of the saline water pond due to the solar loads as
viewed from the isometric view.
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Figure 5.26 Total temperature distribution of the saline water pond due to the solar loads as
viewed from the Z-Y axis.


Temperature flow in the pipe:


Maximum temperature: 367.0 K



Minimum temperature: 364.82 K
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Figure 5.27. Total temperature distribution of the pipe present at the bottom of saline water pond
due to the solar loads as viewed from the isometric view

Figure 5.28 Total temperature distribution of the pipe present at the bottom of saline water pond
due to the solar loads as viewed from the Z-X axis/ Top view


Thermal Error plot:
o Maximum value: 0.072986
o Minimum value: 1.3624e-10
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Figure 5.29 Thermal error plot of the saline water pond.

5.3.2 Ansys Fluent Computational Fluid Dynamic Analysis

This part includes the analysis made with the same geometry and the properties of the
saline water and steel but with fluent for computational fluid dynamic analysis of the
Temperature and particle flow in the pond.

5.3.2.1 Meshing of the Solid Model

The meshing of the solid modeling is an important step so as to give the solid modeling
the required nodes and element for performing a finite element analysis of the model. The
meshing of the solid model takes two steps first being the coarse meshing and then refining it to
achieve a better meshing and more number of nodes and elements.
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Figure 5.30 Coarse meshing of the solid modeling in ansys fluent as viewed from the isometric
view.

Figure 5.31 Refined meshing of the solid modeling in ansys fluent as viewed from the isometric
view.
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The properties of the meshing before and after refinement are given in Table 5.6,
Table 5.6.
Meshing properties saline water.
PROPERTIES
Object Name
Physics Preference
Solver Preference
Use Advanced Size Function
Relevance Center
Smoothing
Transition
Span Angle Center
Min Size
Max Face Size
Max Size
Growth Rate
Minimum Edge Length
Use Automatic Inflation
Inflation Option
Transition Ratio
Maximum Layers
Growth Rate
Nodes
Elements

BEFORE REFINEMENT
Mesh
Defaults
CFD
Fluent
Sizing
On: Curvature
Coarse
Medium
Slow
Fine
Default (1.7311e-003 m)
Default (0.173110 m)
Default (0.346230 m)
Default (1.20 )
0.565490 m
Inflation
None
Smooth Transition
0.272
5
1.2
Statistics
10564
7559

AFTER REFINEMENT
Refined Mesh
CFD
Fluent
On: Curvature
Coarse
High
Medium
Fine
Default (2.823e-004 m)
Default (0.28230 m)
Default (0.46325 m)
Default (0.85 )
0.235490 m
None
Smooth Transition
0.272
5
1.2
201346
943443

After the refinement of the mesh was done named sections/regions were created in the mesh part
of the fluent to give the respective boundary conditions. Some of the named sections that were
created for this analysis were,


Water top layer



Water bottom layer



Pipe inner surface



Pipe outer surface
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Side walls



Interface: water and pipe outer

The interface between the water and pipe region is considered to be a contact region and not a
wall thus no boundary conditions were given at that contact region.

5.3.2.2 Boundary Conditions


Top Surface Of The Pond Water:
o Convection:


Convective heat transfer co-efficient: 11.3



Ambient temperature: 300 K

o Radiation:


Surface to ambient



Emissivity: 0.969



Ambient temperature: 300 K

o Solar Load


Diffuse radiation flux at the top surface: 79.744 W/m2



Transparency: 0.522139



Solar ray-tracing



View factor calculation

o Volumetric Heat Generation: 23.1036 W/m3


Side Walls Of The Pond Water:
o Adiabatic conditions
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Heat flux: 0 W/m (perfectly insulated)

Bottom wall of the pond water:
o Solar Load


Diffuse radiation flux; 42.2283 W/m2



Transparency: 0.522139



Solar ray-tracing



View factor calculation

o Volumetric Heat Generation: 12.3966 W/m3
o Heat source: 73.3188W


Pipe present at the bottom:
o Interior of the pipe:


Convection:


Convective heat transfer co-efficient: 18.15



Ambient temperature: 300 K

5.3.2.3 Result

1. Temperature of the pond water due to solar load, convection, radiation and losses
calculated for 1500 iterations.
a. Minimum temperature: 301.15 K
b. Maximum temperature: 393.15K
c. Volumetric average: 372.15K
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Figure 5.32 Total temperature distribution of the saline water pond due to solar load as analyzed
from ANSYS FLUENT, viewed from X-Y axis.

Figure 5.33 Total temperature distribution of the saline water pond due to solar load as analyzed
from ANSYS FLUENT, viewed from isometric view.
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Figure 5.34. Total temperature distribution of the saline water pond due to solar load as analyzed
from ANSYS FLUENT, viewed from Z-Y axis/ Front view.

Figure 5.35. Total temperature distribution of the saline water pond due to solar load as analyzed
from ANSYS FLUENT, viewed from X-Z axis/ Bottom view.
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2. Temperature of the pipe due to heat flux and convection at the bottom of the pond after
1500 iterations.
a.

Minimum temperature: 323.15 K

b.

Maximum temperature: 350.15 K

Figure 5.36. Total temperature distribution through the pipe present at the bottom of the pond
due to solar loads as viewed from X-Z axis/ bottom view.

Figure 5.37. Total temperature distribution through the pipe present at the bottom of the pond
due to solar loads as viewed from isometric view.
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Figure 5.38 Total temperature distribution through the pipe present at the bottom of the pond due
to solar loads as viewed from isometric axis.
3. The particle flow in the water due to the solar loads with respect to density in the pond is
shown as,

Figure 5.39. Particle density distribution in the solar pond due to the solar loads and the salinity
in the pond as viewed from X-Y axis/ Side view.
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4. Graph depicting the variation of temperature with depth for fresh water and saline water
is shown in Figure 5.40.
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Figure 5.40. Temperature Vs Depth for a fresh water and saline water analysis.

5. Velocity Magnitude present in the saline water due to loads.
a. Maximum magnitude: 3.5447x10-5
b. Minimum magnitude: 3.7177x10-12
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Figure 5.41. Velocity magnitude due to solar loads and slip conditions in the saline water pond as
viewed from X-Y axis. At 50 iterations.

Figure 5.42 Velocity magnitude due to solar loads and slip conditions in the saline water pond as
viewed from X-Y axis. At 500 iterations.
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Figure 5.43 Velocity magnitude due to solar loads and slip conditions in the saline water pond as
viewed from X-Y axis. At 1000 iterations.

5.4 Solar Pond Analysis:

5.4.1 Ansys Steady State Thermal Analysis:

The steady state thermal analysis of the solar pond having three different layers takes 4
different processes to reach the final solution. The processes are:


Meshing of the solid modeling



Giving the initial conditions and setting up the environment



Giving the required Boundary conditions



Arriving at the solution
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5.4.1.1 Meshing of Solid Modelling
The meshing of the solid modeling is an important step so as to give the solid modeling
the required nodes and element for performing a finite element analysis of the model. The
meshing of the solid model takes two steps first being the coarse meshing and then refining it to
achieve a better meshing and more number of nodes and elements. The properties of the meshing
before and after refinement are given in Table 5.7.
Table 5.7.
Meshing properties solar pond.
PROPERTIES
BEFORE REFINEMENT
Object Name
Mesh
SIZING
Use Advanced Size Function
Off
Relevance Center
Coarse
Element Size
Default
Initial Size Seed
Active Assembly
Smoothing
Medium
Transition
Fast
Span Angle Center
Coarse
Minimum Edge Length
0.150 m
PATCH CONFORMING OPTIONS
Triangle Surface Mesher
Program Controlled
ADVANCED
Number of CPUs for Parallel
Program Controlled
Part Meshing
Shape Checking
Standard Mechanical
Element Midside Nodes
Program Controlled
Straight Sided Elements
No
Extra Retries For Assembly
Yes
Rigid Body Behavior
Dimensionally Reduced
STATISTICS
Nodes
55722
Elements
9625
Mesh Metric
None

AFTER REFINEMENT
Refinement
Off
Coarse
Default
Active Assembly
Medium
Fast
Coarse
0.150 m
Program Controlled
Program Controlled
Standard Mechanical
Program Controlled
No
Yes
Dimensionally Reduced
102822
15448
None
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The bottom of the solid modeling was the only part refined because of error correction in the
solution as shown in Figure 5.53.



The error in the analysis was visible only in the bottom near the pipe so as to reduce the
error the bottom part as well as the parts near the pipe was well refined as shown in Figure
5.45.

Figure 5.44. Coarse meshing of the solid modeling as done in ansys fluent as viewed from
isometric view.
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Figure 5.45.Refined meshing of the solid modeling as done in ansys fluent as viewed from
isometric view.

5.4.1.2 Initial Condition of Analysis:

The initial conditions or the environment setting was done using the properties mentioned
in Table 5.8

,
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Table 5.8.
Initial conditions for solar pond analysis.

PROPERTIES
VALUES
Step Controls
Number Of Steps
1.
Current Step Number
1.
Step End Time
1. s
Auto Time Stepping
Program Controlled
Solver Controls
Solver Type
Program Controlled
Radiosity Controls
Radiosity Solver
Program Controlled
Flux Convergence
1.e-004
Maximum Iteration
5000.
Solver Tolerance
8.e-002 W/m²
Over Relaxation
0.1
Hemicube Resolution
10.
Initial temperature
300 K
Nonlinear Controls
Heat Convergence
Program Controlled
Temperature Convergence
Program Controlled
Line Search
Program Controlled
Output Controls
Calculate Thermal Flux
Yes
General Miscellaneous
No
Store Results At
All Time Points
Analysis Data Management
Save MAPDL db
No
Delete Unneeded Files
Yes
Nonlinear Solution
Yes
Solver Units
Active System
Solver Unit System
Mks

5.4.1.3 Boundary Conditions:

The calculated boundary conditions were inputted to get the final value of the ansys analysis
for the fresh water. The boundary conditions were reduced by thirty percent because of the thirty
percent reduce in the refractive index of the water, this in turn changes the transparency of the
fresh water and changes the values of heat absorbed and volumetric heat generations. Also the
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losses to the environment such as the loss of temperature to the surrounding temperature were
also taken into consideration. The inputted boundary conditions are given below,


FLUID-SOLID interface between the pond water and the solid pipe was mentioned at the
interface contact region.



Upper Convective Zone:
o Top Layer:






Convection:


Convective heat transfer co-efficient: 11.3



Ambient temperature: 300 K

Radiation:


Surface to ambient



Emissivity: 0.969



Ambient temperature: 300 K

Direct solar flux:


Solar flux: 79.44 W/m2



Volumetric Heat Generation: 23.10369 W/m3



Heat absorbed: 138.6218 W

o BOTTOM LAYER:



Contact region with the Non-convective zone’s top layer

Non-Convective Zone:
o TOP LAYER: In contact with the bottom layer of the Upper convective zone.
o BOTTOM LAYER: In contact with the Top layer of the Lower Convective Zone.



Side Walls of the Pond Water:
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o Adiabatic conditions



Heat flux: 0 W/m2 (perfectly insulated)

Lower Convective Zone:
o TOP LAYER: In contact with the Bottom layer of the non-convective zone.
o BOTTOM LAYER:


Volumetric Heat Generation: 12.3966 W/m3



Heat source: 77.603W



Direct solar flux:




Solar flux: 42.228 W/m2

Pipe present at the bottom:
o CONVECTION:


Convective heat transfer co-efficient: 18.15



Ambient temperature: 300 K

o Heat Flux: -20.15 W/m2
5.4.1.4 Solution:


Temperature flow across the pond water for the given boundary conditions,
a. Maximum temperature: 382.79 K
b. Minimum temperature: 309.29 K
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Figure 5.46. Total temperature distribution in the three different layers of the solar pond due to
the solar ponds due to solar loads as viewed from an isometric view.

Figure 5.47. Total temperature distribution in the three different layers of the solar pond due to
the solar ponds due to solar loads as viewed from Z-Y axis/ Front view.
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Figure 5.5. Total temperature distribution in the three different layers of the solar pond due to the
solar ponds due to solar loads as viewed from X-Y axis/ Side view.

Figure 5.49. Total temperature distribution in the lower layer of the solar pond due to the solar
ponds due to solar loads as viewed from an inverted isometric view/ bottom view.
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Temperature flow in the pipe:
a. Maximum temperature: 345.8K K
b. Minimum temperature: 322.16 K

Figure 5.50. Total temperature distribution flow in the pipe present at the bottom of the solar
pond due to solar loads as viewed from an isometric view.

Figure 5.51. Total temperature distribution flow in the pipe present at the bottom of the solar
pond due to solar loads as viewed from X-Y axis/ side view.
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Figure 5.52. Total temperature distribution flow in the pipe present at the bottom of the solar
pond due to solar loads as viewed from X-Z axis/ Top view.


Error plot for the fresh water
a. Maximum value: 1.1717
b. Minimum value: 1.06e-11

Figure 5.53 Thermal error plot present in the system before mesh refinement.
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Figure 5.54. Thermal error plot present in the system after mesh refinement.

5.4.2 Star Ccm+ Computational Fulid Dynamics Analysis

The solid part that was created in solid works was imported into star ccm+ and was divided
into 4 regions such as UCZ, NCZ, LCZ and pipe. The properties of fresh water, salt water with
60 g/Kg of salinity and salt water with 100 g/Kg of salinity was imported into the physics of the
analysis.


Upper Convective Zone
o UCZ_TOP
o UCZ_sides
o UCZ_bottom



Non-Convective Zone
o NCZ_top
o NCZ_sides
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o NCZ_bottom


Lower Convective Zone
o LCZ_TOP
o LCZ_sides
o LCZ_bottom
o LCZ pipe top
o



LCZ pipe bottom

Pipe
o Pipe outer top
o Pipe outer bottom
o Pipe inner top
o Pipe inner bottom
o Pipe sides



Interfaces
o UCZ bottom layer and NCZ top layer
o LCZ top layer and NCZ bottom layer
o Pipe outer top and water pipe top
o Pipe outer bottom and water pipe bottom

The different regions and interfaces were created to give separate boundary conditions and
improved properties.
5.4.2.1 Meshing:

Some of the meshing models that were used were,
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Surface re-mesher



Advanced layer meshing
o Base reference values: 0.02 m



Extruder

The meshing here is still coarse and was refined using the field function,
($Temperature > 325.15)? 0.008:0.02


This formula states that if the temperature is above 325.15 the mesh size will be reduced
to 0.008 at the points where the temperature is above 325.15 K and the rest will stay at
0.02m of the reference value.



A XYZ-table was plotted with temperature and the field function and the values were
extracted from the solution. This values were then included in the advanced layer
meshing option to refine the mesh.

Figure 5.55. Meshing of the solid modeling.
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5.4.2.2 Physics:

The different physics models were selected for water and pipe. Different physics model
was used because the water portion was considered to be fluid and the pipe region was
considered to be solid. The physics model were as follows,
o Diffuse radiation: 64W/m2

UCZ


Constant density



Steady state flow



Three dimensional



Gravity



View factors calculation



Gray thermal radiation
o Thermal environment: 300K





Gradients
Laminar
Liquid

o Direct radiation: 86.388W/m2

NCZ


Constant density



Steady state flow



Gravity



Gray thermal radiation

o Density: 995.74 Kg/m3
o Thermal environment: 300K
o Specific heat: 4183.9 J/Kg-K
o Thermal conductivity: 0.617



Gradients



Laminar



Liquid

W/m-K


Radiation



Segregated flow

o Density: 1032.5 Kg/m3
o Specific heat: 3902.0 J/Kg-K



Segregated fluid temperature
o Thermal



Solar loads

W/m-K

conductivity:

0.647
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Radiation

o Diffuse radiation: 64W/m2



Segregated flow

o Direct radiation: 86.388W/m2



Segregated fluid temperature



Three dimensional



Solar loads



View factors calculation

LCZ


Constant density

o Diffuse radiation: 64W/m2



Steady state flow

o Direct radiation: 86.388W/m2



Gravity



Three dimensional



Gray thermal radiation



View factors calculation

o Thermal

environment:

300.15K

PIPE:


Constant density



Gradients



Steady state flow



Laminar



Gravity



Liquid



Gray thermal radiation



Gradients



Solid (SS302)



Radiation



Segregated solid energy



Surface to surface radiation



Three dimensional



View factors calculation

o Density: 1038.8 Kg/m3
o Specific heat: 3746.9 J/Kg-K
o Thermal conductivity: 0.664
W/m-K


Radiation



Segregated flow



Segregated fluid temperature



Solar loads
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5.4.2.3 Boundary Conditions

The calculated values of the solar flux, heat absorbed and the volumetric heat generations
were plugged into their respective regions and the simulation was run for 1000 iterations where
the energy equation flat-lined.


Upper Convective Zone:
o Top layer:






Convection:


Convective heat transfer co-efficient: 11.3



Ambient temperature: 300 K

Radiation:


Surface to ambient



Emissivity: 0.969



Ambient temperature: 300 K

Direct solar flux:


Solar flux: 79.44 W/m2



Volumetric Heat Generation: 23.10369 W/m3



Heat absorbed: 138.6218 W

o Bottom layer:



INTERFACE: Contact region with the Non-convective zone’s top layer

Non-Convective Zone:
o TOP LAYER: INTERFACE: In contact with the bottom layer of the Upper
convective zone.
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o BOTTOM LAYER: INTERFACE: In contact with the Top layer of the Lower
Convective Zone.


Side walls of the pond water:
o Adiabatic conditions




Heat flux: 0 W/m2 (perfectly insulated)

Lower convective zone:
o TOP LAYER: In contact with the Bottom layer of the non-convective zone.
o BOTTOM LAYER:


Volumetric Heat Generation: 12.3966 W/m3



Heat source: 77.603W



Direct solar flux:




Solar flux: 42.228 W/m2

Pipe present at the bottom:
o CONVECTION:


Convective heat transfer co-efficient: 18.15



Ambient temperature: 300 K

o Heat Flux: -20.15 W/m2
5.4.2.4 Result



Temperature flow across the pond due to radiation, solar loads and convection losses,
a. Maximum temperature: 390.21 K
b. Minimum temperature: 304.13 K
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Figure 5.56. Total temperature distribution of the solar pond with three different layers due to
solar loads viewed from an Isometric view.

Figure 5.57. Total temperature distribution of the solar pond with three different layers due to
solar loads viewed from a plane cut at mid-section with the X-Y axis as the reference plane.
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Figure 5.58. Total temperature distribution of the solar pond with three different layers due to
solar loads viewed from Z-Y axis.

Figure 5.59. Total temperature distribution of the solar pond with three different layers due to
solar loads viewed from X-Y axis
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Figure 5.60. Total temperature distribution of the solar pond with three different layers due to
solar loads viewed from a plane cut at mid-section with the Y-Z axis as the reference plane.
A graph can be plotted using the values of the line probe for the temperature variation
along the depth of the pond and will be derived as shown in Figure 5.61,
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Figure 61 Temperature Vs Depth for solar pond analysis.
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Temperature of the pipe,
c. Maximum temperature: 386.99 K
d. Minimum temperature: 310.56 K

Figure 5.62 Total temperature distribution of the pipe present at the bottom due to heat flux and
convection as viewed from an isometric view.

Figure 5.63. Total temperature distribution of the pipe present at the bottom due to heat flux and
convection as viewed from inverted isometric view.
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Figure 5.64. Temperature distribution of the pipe present at the bottom due to heat flux as viewed
from X-Y axis



Velocity magnitude in the pond,

Figure 5.65. Velocity magnitude of the solar pond due to slip condition at the top and the
temperature distribution, as viewed from X-Y axis. At 10 iterations.
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Figure 5.66. Velocity magnitude of the solar pond due to slip condition at the top and the
temperature distribution, as viewed from X-Y axis. At 250 iterations.

Figure 5.7. Velocity magnitude of the solar pond due to slip condition at the top and the
temperature distribution, as viewed from X-Y axis. At 500 iterations.
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Figure 5.68. Velocity magnitude of the solar pond due to slip condition at the top and the
temperature distribution, as viewed from X-Y axis. At 750 iterations.

Figure 5.69. Velocity magnitude of the solar pond due to slip condition at the top and the
temperature distribution, as viewed from X-Y axis. At 900 iterations.
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Figure 5.70. Velocity magnitude of the solar pond due to slip condition at the top and the
temperature distribution, as viewed from X-Y axis. At 1000 iterations.

CHAPTER-6
Results And Conclusion
6.1 Results Summary
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Figure 6.1. Temperature Vs Depth for all three analysis.
The above graph in Figure 6.1 represents the variation of temperature distribution
along the depth for three different models that is fresh water model, saline water model and the
solar pond with three different gradients. There is a soar in the temperature distribution for saline
water and solar pond model because of the salt content present in the water. The salinity gradient
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increases the transmissivity of water by 30% [2]. Thus increasing the temperature absorption in
the saline and the solar pond model.
As per Veronis and Stern’s [5, 7, 10] research the non-convective zone in the
solar pond model doesn’t take part in the convective flow of the molecules thus acting as a
barrier between the upper convective zone and the lower convective zone. Thus storing all the
heat energy at the bottom of the solar pond in that model.
According to the velocity vector plots that were obtained from Star CCM+ we
can see the convection field being set-up, starting from the bottom and then curling its way up to
the top. This shows that the set of boundary conditions for the simulations is correct.
In the computational simulations the pipe’s inner temperature was able to reach a
temperature of 386.99 K (not considering the environment losses). With the low pressure
evaporation technique it is possible for the desalination process to take place with this model.
The results of the Ansys steady state thermal analysis was in agreement with
those of the results that were obtained from Ansys FLUENT and Star CCM+ for the same
geometry and the mesh conditions as well as the boundary conditions, thus leading to the
conclusion that the obtained simulation values were at close proximity with the theoretically
obtained values.

6.2 Conclusions and Recommendation:

Based on this study, the following conclusions can be made:
• A CFD-based simulation analysis model is developed for the solar pond.
• Analyzed the double-diffusive transport phenomena in a solar pond, the formation of the
tri-layer and temperature rise in LCZ energy storage region for desalination.
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• A high temperature level of 370-380 K is sustain in LCZ heat region with the heat
collecting pipe for desalination.
Recommendation for Future Study:


Perform computational analysis of the LCZ energy storage and heat collecting pipe for
the conversion of salt water to fresh water stream.



Perform further CFD analysis of the double-diffusive phenomena in the stability of the
stratification and its effect on design of the energy storage and heat collecting module in
the LCZ.



Perform analysis to evaluate the instability caused by the disturbances associated with the
wind speed and turbulence at the solar pond free surface as well with variation in the
incident solar radiation intensity over time.



Perform Thermal analysis of the heat collection and two-phase flow/evaporation for
producing fresh water in the desalination plan.

NOMENCLATURE
SYMBOL
UCZ
NCZ
LCZ
LUCZ
LNCZ
LLCZ
AP
C
DS
KT

DESCRIPTION
Upper Convective zone
Non-Convective Zone
Lower convective zone
Depth of UCZ (m)
Depth of NCZ (m)
Depth of LCZ (m)
Area of the solar pond (m2)
Saline concentration.
Salt diffusion co-efficient.
Thermal conductivity (W/m-K)

CP

Specific heat (J/Kg-K)

T
G

Temperature (K)
Gravity (m2/s)

d

Depth (m)

�

Kinematic viscosity (Kg/m-s)

�
�
HC
�
�
Pr
�
RT
RS
RP
�
N
��
φ
S
Smax

Density (Kg/m3)
Dynamic viscosity
Convective heat transfer coefficient.
Thermal expansion co-efficient.
Salinity expansion co-efficient.
Prandt number
Ratio of diffusivity
Thermal Rayleigh number
Salinity Rayleigh number
Stability number
Declination angle (O)
Number of days (O)
Sunrise hour angle (O)
Latitude of the place (O)
Average day length (hours)
Maximum day length (hours)

SYMBOL
ISC
IG
ID
Ib
θ
θ
Frw
FEW
τ
τ
τ

Fsolar
q̇
Q̇′′′
IO

DESCRIPTION
Solar constant (1367 W/m2)
Global radiation (W/m2)
Diffuse Radiation (W/m2)
Beam Radiation (W/m2)
Angle of incidence (O)
Angle of refraction (O)
Flux reflected by water
Flux entering the water
Transmissivity
Transmissivity by absorption
through beam radiation
Transmissivity by absorption
through diffuse radiation
Solar flux at certain depth
Heat absorbed by solar pond
(W)
Volumetric heat generated
(W/m3)
Monthly
average
extraterrestrial radiation (W/m2)
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